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In Brief
ICE1 is a central regulator of the plant cold response, and its levels are tightly controlled. Zhao et al. show that coldactivated MPK3 and MPK6 phosphorylate ICE1 and promote its degradation, thus negatively regulating the cold response, whereas MPK4 positively regulates the cold response by constitutively suppressing MPK3 and MPK6 activity.
INTRODUCTION
Cold stress is an important factor that affects the geographical distribution and growth of plants. Cold temperatures can cause damages to plants, particularly when a sudden frost occurs, causing reduced crop productivity and quality (Chinnusamy et al., 2007; Thomashow, 1999) . Cold acclimation is a phenomenon wherein plants increase their freezing tolerance after being exposed to low nonfreezing temperatures (Thomashow, 1999) .
During cold acclimation, the physiological and metabolic status of plants is altered, which is accompanied by changes in the expression of thousands of genes (Chinnusamy et al., 2007; Medina et al., 2011) . The three CBF genes, which encode AP2/ ERF (APETALA2/ethylene-responsive factor)-type transcription factors, play critical roles in cold acclimation by regulating the expression of a subset of cold responsive (COR) genes (JagloOttosen et al., 1998; Liu et al., 1998; Medina et al., 1999; Stockinger et al., 1997; Zhao et al., 2015) . Arabidopsis plants with a knockout of all three CBF genes show a dramatic reduction in the capacity to cold acclimate and are extremely sensitive to freezing (Jia et al., 2016; .
The dominant ice1 mutant (ice1-1) was identified as a result of its reduced cold-induction of the CBF3-LUC transgene (firefly luciferase transgene driven by the CBF3 promoter) (Chinnusamy et al., 2003) . In ice1-1 mutant plants, cold-induced expression of CBF genes and their downstream COR genes is reduced compared with the wild-type. As a result, the ice1-1 mutant displays hypersensitivity to freezing conditions. ICE1 encodes an MYC-like basic-helix-loop-helix transcription factor that can bind to the MYC-recognition motif in the CBF3 promoter (Chinnusamy et al., 2003; Kim et al., 2015) . ICE2 is a paralog of ICE1 in Arabidopsis, and the two proteins share 61% identity. Knock out of each gene does not cause obvious morphological phenotypes, but ice1-2 ice2-2 double mutants display a dwarf phenotype (Kim et al., 2015) , suggesting that ICE1 and ICE2 are redundant.
As ICE1 is a key component in the cold response pathway, its regulation is of significant interests. HOS1 is one of the regulators that modulate the abundance of ICE1. HOS1 encodes a RING finger ubiquitin E3 ligase that interacts with ICE1 and promotes the degradation of ICE1 (Lee et al., 2001; Dong et al., 2006) . In hos1 mutant plants, cold-induced degradation of ICE1 is impaired, whereas overexpression of HOS1 promotes the degradation of ICE1 under both normal and low temperatures . SIZ1, encoding a SUMO E3 ligase, facilitates conjugation of SUMO to ICE1. Sumoylation of ICE1 may promote ICE1 protein stability and thus leads to increased CBF gene expression and enhanced freezing tolerance (Miura et al., 2007) . Most recently, OST1, which is a protein kinase in the ABA core signaling pathway, was shown to positively regulate the stability of ICE1 (Ding et al., 2015) . The ost1 mutants are sensitive to freezing, whereas transgenic plants overexpressing OST1 exhibit increased freezing tolerance. OST1 enhances the stability of ICE1 by phosphorylating ICE1 at Ser278. Several studies have shown that the protein level of ICE1 is decreased under cold stress (Ding et al., 2015; Dong et al., 2006; Miura et al., 2011) , but the signaling event that triggers the degradation of ICE1 remains unclear. One study showed that Ser403 of ICE1 is important for the stability of ICE1 (Miura et al., 2011) . Substitution of Ser403 by alanine enhances the transactivation activity of ICE1 and blocks cold-induced degradation of ICE1. Plants overexpressing ICE1 (S403A) show increased freezing tolerance than plants overexpressing wild-type ICE1. The results imply that phosphorylation of ICE1 at Ser403 may trigger the degradation of ICE1.
MKK4/5-MPK3/6 and MEKK1-MKK1/2-MPK4 constitute two well-studied MAPK cascades that are implicated in plant responses to diverse external stimuli, including biotic and abiotic stresses (Meng and Zhang, 2013; Petersen et al., 2000; Pitzschke et al., 2014; Teige et al., 2004) . Previous studies suggested that a MEKK1-MKK2-MPK4/MPK6 cascade is involved in the positive regulation of cold response and freezing tolerance (Teige et al., 2004) . Low temperatures induce the kinase activity of MEKK1, which subsequently phosphorylates MKK2 (Furuya et al., 2013) . Activated MKK2 phosphorylates MPK4 and MPK6 (Teige et al., 2004) , which then presumably regulate downstream components to adjust the cellular status to adapt to freezing conditions. The mkk2 mutant was reported to exhibit increased sensitivity to freezing, whereas transgenic plants expressing a constitutively active form of MKK2 display increased tolerance to freezing compared with the wild-type. Furthermore, overexpression of MKK2 results in increased expression of CBF genes, even without cold treatment (Teige et al., 2004) . These results indicated that a MKK2-mediated kinase cascade positively regulates cold response. However, the protein substrates of MPK4 and MPK6 in the cold response pathway have not been identified yet, and experimental evidences for the roles of MPK4 and MPK6 and their genetic interaction in freezing tolerance are still missing.
In this study, we performed a phosphoproteomics analysis to identify MAP kinases that are activated in Arabidopsis plants after low-temperature treatment. We found that three MAPKs, MPK3, MPK4, and MPK6, are rapidly activated after cold treatment. We discovered that the MKK5-MPK3/MPK6 cascade negatively regulates cold response by promoting the degradation of ICE1 via phosphorylation at Ser94, Thr366, and Ser403. In contrast, the MEKK1-MKK2-MPK4 cascade positively regulates cold response, and constitutively suppresses the protein levels and kinase activities of MPK3 and MPK6. Our results thus illuminate the roles of two MAP kinase cascades in the regulation of COR gene expression and freezing tolerance.
RESULTS

MAPK Cascades Are Activated after Low-Temperature Treatment
To identify the MAP kinases that are activated after low-temperature treatment, we performed quantitative phosphoproteomics analysis of wild-type seedlings before and after treatment at 4 C for 30 min. The phosphoproteomics data revealed that the phosphorylation levels of two MAPKKKs, MEKK1 and YDA, were increased in response to low temperature. Of the 10 MAPKKs, only MKK2 was detected in our assay and its phosphorylation level was increased by 1.78-fold after cold treatment. The phosphorylation of 11 of the 20 MAPKs was detected (Table S1 ). The phosphorylation levels of MPK3, MPK4, and MPK6 showed higher increases in response to cold treatment than those of other MPKs (Table S1 ). Under cold treatment, the phosphorylation levels of MPK3, MPK4, and MPK6 were significantly increased ( Figure 1A ), whereas the phosphorylation of MPK8 was significantly decreased (p < 0.01) (Table S1 ). These results are consistent with previous studies (Furuya et al., 2013; Teige et al., 2004) , which showed that MEKK1, MKK2, MPK4, and MPK6 are activated after cold treatment. Here, our method detected MPK3 as another MAPK responsive to cold conditions.
To further corroborate that MPK3, MPK4, and MPK6 are activated by low temperature, we subjected 10-day-old seedlings to 4 C for 0, 5, 15, 30, and 60 min, and performed immunoblotting using anti-pTEpY, which recognizes the phosphorylated/active form of MPK3, MPK4, and MPK6. The result supports that MPK3, MPK4, and MPK6 are all rapidly activated after low-temperature treatment ( Figure 1B) . To exclude the possibility of elevated protein levels, we conducted immunoblotting assays using anti-MPK3, anti-MPK4, and anti-MPK6, and found that the protein levels of the three MAPKs were not affected by low-temperature treatment. To further correlate the MAPK activity with temperature changes, 10-day-old seedlings were treated at 18 C, 10 C, and 4 C, respectively. With the same treatment time, the seedlings treated with lower temperature had higher phosphorylation levels of the MAPKs ( Figure 1C ), which suggests that the increased phosphorylation level of MAPKs is associated with the degree of temperatures.
MPK3 and MPK6 Negatively Regulate Cold Response
Although a previous study suggested that cold-activated MPK6 may promote plant cold tolerance (Teige et al., 2004) , a direct experimental evidence for how MPK6 activation may affect cold response was not presented. We evaluated the loss-offunction mutants of mpk3 and mpk6 by first examining the expression level of three CBF genes. All three CBF genes were significantly upregulated in the mpk6 mutant, and CBF1 was also significantly upregulated in the mpk3 mutant ( Figures  2A-2C ), suggesting that both MPK3 and MPK6 are negative regulators of cold response. Next, we performed freezing survival assays, and the result showed that mpk3 and mpk6 mutants display higher survival rates than the wild-type after freezing (Figure 2D ). Electrolyte leakage assays further indicated that freezing caused more membrane damages in the wild-type than in the mpk3 and mpk6 mutants ( Figure 2E ). All these data support that mpk3 and mpk6 mutants have higher freezing tolerance.
MPK3 and MPK6 function redundantly in embryogenesis and the mpk3 mpk6 double mutant is embryo lethal. To overcome the developmental defect, and to study the phenotype of the double mutant in cold response, we took advantage of a chemically inducible knockout plant, MPK6SR (genotype mpk3 mpk6 P MPK6 :MPK6 YG ) (Xu et al., 2014) , in which embryo lethality is rescued by MPK6 YG (MPK6 with the Y144G amino acid substitution), the kinase activity of which can be temporally disrupted by a reversible, cell-permeable inhibitor, NA-PP1. To establish the feasibility of using MPK6SR as an inducible mpk3 mpk6 double mutant, we treated 10-day-old seedlings of MPK6SR with NA-PP1 for 24 hr, followed by H 2 O 2 treatment for 0, 15, and 30 min. The kinase activities of MPK3, MPK4, and MPK6 were examined by an in-gel kinase assay. Indeed, MPK3, MPK4, and MPK6 in wild-type plants were activated after H 2 O 2 treatment, but in NA-PP1-pretreated MPK6SR plants, MPK4 was activated, but MPK3 and MPK6 could not be activated by H 2 O 2 ( Figure 2F ). The result suggests that NA-PP1 sufficiently blocks the kinase activity of MPK6 YG , and that MPK6SR can be used as an inducible mpk3 mpk6 double mutant. We then subjected the NA-PP1-treated MPK6SR seedlings to low temperature and tested the expression level of CBF genes. The results showed that all three CBF genes were upregulated in MPK6SR compared with the wild-type. Notably, even without cold treatment, the expression of CBF genes was increased in NA-PP1-pretreated MPK6SR ( Figures 2G-2I) , revealing a tight regulation of the CBF genes by MPK3 and MPK6.
Constitutive Activation of MKK5 Leads to Increased Sensitivity to Freezing As the null mutants of mpk3 and mpk6 showed increased freezing tolerance, we wondered whether constitutive activation of MPK3 and MPK6 may lead to decreased freezing tolerance.
To test this, we used MKK5 DD transgenic plants, in which a constitutively active form of MKK5 (T215D/S221D) is driven by a dexamethasone (Dex)-inducible promoter (Ren et al., 2002) . Constitutive activation of MKK5 is known to cause the activation of MPK3 and MPK6 (Ren et al., 2002) . Without Dex treatment, the activities and protein levels of MPK3, MPK4, and MPK6 were not changed in MKK5 DD seedlings ( Figure 3A ). When treated with Dex, MPK3 and MPK6 were constitutively activated by the expression of MKK5 DD without cold treatment, as anticipated ( Figure 3B ). After cold treatment, the kinase activities of MPK3 and MPK6 were obviously elevated in Dex-treated MKK5 DD rather than in wild-type plants. In addition, we also noticed that the protein level of MPK3, but not that of MPK4 or MPK6, was increased in Dex-treated MKK5 DD plants ( Figure 3B ). (C) Ten-day-old wild-type seedlings were treated at 18 C, 10 C, and 4 C for 0, 15, and 30 min. The immunoblotting assays were performed using anti-pTEpY and anti-Actin. See also Figure S2 and Table S1 .
( Figures 3F-3H ). Taken together, these results strongly support that the MKK5-MPK3/6 kinase cascade negatively regulates cold response in plants.
To further establish the negative role of the MKK5-MPK3/6 cascade in cold response, we performed a protoplast assay using the expression of CBF3-LUC as a reporter. Compared with the expression of CBF3-LUC alone, co-transfection of the transcription activator ICE1 with CBF3-LUC significantly increased the activity of luciferase in the protoplasts ( Figure S1A ), confirming that ICE1 is an activator of CBF3. However, co-transformation of MPK3 or MPK6 with ICE1 and CBF3-LUC significantly diminished the activity of luciferase, and the addition of MKK5 DD to the protoplasts further decreased the luciferase activity ( Figure S1A ).
In stomatal development, YDA is the upstream MAPKKK that regulates the MKK4/5-MPK3/6 cascade (Wang et al., 2007) . To assess whether YDA is also involved in cold response, wildtype and yda mutant plants were treated at 4 C for 0, 15, and 30 min, and the activities of MPK3 and MPK6 were examined by immunoblotting assay. In the yda mutant, cold-induced activation of MPK3/6 was not decreased, but instead increased (Figure S2A ). In concert with the increases in MPK3/6 activities, the expression of CBF genes was significantly decreased in the yda mutant ( Figures S2B-S2D ). These results suggest that YDA is not the upstream MAPKKK that activates the MKK4/5-MPK3/6 cascade, but instead has a strong antagonistic role on the activities of MPK3 and MPK6 under cold conditions.
MPK4 Positively Regulates Cold Response
Previous studies showed that the MEKK1-MKK2-MPK4 cascade positively regulates cold response (Furuya et al., 2013; Teige et al., 2004) . In this study, we found that indeed the expression levels of CBF genes were substantially downregulated in mpk4 mutant plants ( Figures 4A-4C) , and the mpk4 mutant was hypersensitive to freezing ( Figure 4D) . Similarly, the expression of CBF genes was reduced and plant sensitivity to freezing was increased in mekk1 single and mkk1 mkk2 double mutants ( Figures S3A, S3B , S3D, and S3E). MKK1 and MKK2 have redundant functions in plant development and growth (Gao et al., 2008) . To assess whether MKK1 and MKK2 are also redundant in the cold response pathway, we tested the expression of CBF genes in mkk1 and mkk2 single mutants. (E) Electrolyte leakage assay was performed on wild-type, mpk3, and mpk6 plants (three well-developed leaves were used for each sample at each temperature) after cold acclimation (4 C for 7 days).
(F) The seedlings of wild-type and MPK6SR plants were pretreated with NA-PP1 (2 mM) and then treated with H 2 O 2 for 0, 15, and 30 min. The kinase activities of MPK3, MPK4, and MPK6 were examined by using in-gel kinase assay.
(G-I) The seedlings of wild-type and MPK6SR were treated with NA-PP1 (2 mM) for 24 hr and then transferred to 4 C. The transcript accumulation of CBF genes was assessed by qRT-PCR, and ACTIN8 was used as the internal control. Data are means ± SD (n = 3). Asterisks indicate statistically significant differences (*p < 0.05, **p < 0.01 by Student's t test). See also Figure S1 .
The results showed that CBF genes were not downregulated, but slightly upregulated in both mkk1 and mkk2 mutants (Figure S3C) . Freezing survival assays also indicated that the mkk1 and mkk2 single mutants do not have less freezing tolerance than the wild-type ( Figure S3F ), in contrast to a previous report that mkk2 was hypersensitive to freezing (Teige et al., 2004) . We found that the cold-induced activation of MPK3 and MPK6 was not affected in either the mkk1 or mkk2 mutant ( Figure 4E ), suggesting that MKK1 and MKK2 may not be upstream of MPK3 and MPK6 in the cold signaling pathway. The activation of MPK4 was completely abolished in the mkk2 mutant, but was not affected in the mkk1 mutant ( Figure 4E ). The result shows that MKK2, but not MKK1, is necessary for cold-induced activation of MPK4. Using a MKK2-specific antibody, immunoblotting assays confirmed the absence of MKK2 protein in the mkk2 mutant ( Figure 4E ). Although our kinase activity data supported that MKK2 is necessary for cold-induced MPK4 activation, the mkk2 mutant did not show the anticipated phenotypes ( Figures S3C  and S3F ), i.e., reduced CBF expression and increased sensitivity to freezing as observed in mpk4 mutants. To address this paradox, the activation of MPK3/6 was examined in the mpk4 mutant before and after cold treatment. Interestingly, the activities as well as the protein levels of MPK3 and MPK6 were highly elevated in the mpk4 mutant, even without cold treatment. The protein level of the actin control was not affected in mpk4 ( Figure 4F ). Similarly, the kinase activities of MPK3 and MPK6 were highly increased in mekk1 single and mkk1 mkk2 double mutants even without cold treatment (Figures S3G and S3H) . Taken together, the results showed that the mekk1, mkk1 mkk2, and mpk4 mutants, in which MPK3 and MPK6 are constitutively activated, are hypersensitive to freezing, but the mkk2 mutant, in which cold-induced MPK4 activity is blocked, while the activities of MPK3 and MPK6 are not affected, shows a wild-type level of freezing tolerance. These results suggest that the constitutive increase in MPK3 and MPK6 kinase activities may be the cause of the freezing-hypersensitive phenotypes of mekk1, mkk1 mkk2, and mpk4 mutants.
MPK3 and MPK6 Can Phosphorylate ICE1
Phos-tag SDS-PAGE and phosphoproteomics assays showed that the phosphorylation of ICE1 was enhanced in vivo after cold treatment (Figures 5A and S4A) and the phosphorylation site of Ser403 was detected ( Figure S4B ). We tested whether ICE1 may be a substrate of MPK3 and MPK6. In the presence of MKK5 DD , MPK3 and MPK6 were able to phosphorylate ICE1 Data in (C)-(H) are means ± SD (n = 3). Asterisks indicate statistically significant differences (*p < 0.05, **p < 0.01 by Student's t test). See also Figure S1 .
( Figure 5B ). To examine whether MPK4 can phosphorylate ICE1, an immunoprecipitation (IP)-kinase assay was performed. We treated wild-type seedlings with or without low temperature for 1 hr and then performed IP using anti-MPK4. The immunoprecipitated MPK4 was incubated with ICE1 or the MBP control. We found that MBP but not ICE1 was phosphorylated ( Figure S5 Figure 5C ). These results suggest that the MKK5-MPK3/6 pathway is involved in cold-induced phosphorylation of ICE1 in vivo.
By using a split luciferase complementation assay, we found that both MPK3 and MPK6 can interact with ICE1, and it appeared that ICE1 had a stronger interaction with MPK6 than with MPK3. Interestingly, the interactions of ICE1 with MPK3 and MPK6 appeared to increase after cold treatment ( Figure S6 ).
ERK MAP kinases specifically recognize and phosphorylate serine or threonine residues followed by a proline (S/TP) (Jacobs et al., 1999) . In ICE1, there are six (S/T)P motifs, including S94P, S203P, T366P, T382P, T384P, and S403P ( Figure 5D ). To determine which Ser or Thr of ICE1 is phosphorylated by MPK6, we mutated each of the Ser or Thr to Ala. The mutation of Ser94, Thr366, and Ser403 to Ala led to a reduction of ICE1 phosphorylation by MPK6 ( Figure 5E ), suggesting that these three residues are the potential sites of phosphorylation by MPK3/6.
Phosphorylation of ICE1 by MPK3/6 Promotes the Degradation of ICE1
Previous studies showed that low-temperature treatments trigger the degradation of ICE1 (Ding et al., 2015; Dong et al., 2006) , which is verified by our immunoblotting assay ( Figure 6A ). We tested whether MPK6 may be involved in the regulation of ICE1 protein stability. We hypothesized that, when MPK6 is constitutively activated in plants, ICE1 would be degraded independent of cold treatment. To test this hypothesis, the MKK5 DD / 35S::GFP-ICE1 seedlings were treated with Dex for 0, 1, 3, 6, 12, and 24 hr, and immunoblotting was performed using anti-GFP and anti-pTEpY. MPK3 and MPK6 were activated to a high level at 6 hr after Dex treatment. Coincidentally, ICE1 protein level was decreased after Dex treatment for 6 hr ( Figure 6B ). The pretreatment of MKK5 DD /35S::GFP-ICE1 seedlings with MG132 could slow down the degradation of ICE1 ( Figure S7A ), suggesting that MPK3/6-induced degradation of ICE1 is mediated by the 26S proteasome pathway. Using fluorescence microscopy, we examined GFP signals in the roots of MKK5 DD /35S::GFP-ICE1 before and after Dex treatment. Consistent with the immunoblotting result, the GFP signal intensity for ICE1 was decreased after Dex treatment for 24 hr ( Figure 6C ). These results suggest that the activation of the MKK5-MPK3/6 cascade is sufficient for triggering ICE1 degradation.
Given that the MKK5-MPK3/6 cascade negatively regulates cold response by affecting the protein stability of ICE1, we speculated that the decreased expression of CBF genes in Dextreated MKK5 DD plants may be caused by the decreased protein (E and F) Immunoblotting assays using anti-pTEpY, anti-MPK3, anti-MPK6, anti-MPK4, anti-MKK2, and anti-Actin. Data in (A)-(D) are means ± SD (n = 3). Asterisks indicate statistically significant differences (*p < 0.05, **p < 0.01, Student's t test). See also Figure S3 .
level of ICE1. We tested whether the defects in cold- Figure 6E ). In addition, treatment of Col-0/ICE1
pro::ICE1-YFP transgenic seedlings with low temperature led to the degradation of wild-type ICE1-YFP, whereas cold-induced degradation was delayed for ICE1 3A-YFP (Figures 6F and 6G) . We also characterized the impact of the single phosphor-site mutations to protein stability of ICE1 and found that each of the three mutations could enhance the protein stability of ICE1 (Figures S7B-S7F ). This result indicates that all of the three phosphorylation sites of ICE1 participate in the regulation of ICE1 stability. Consistent with the protein level of ICE1, the transgenic plants expressing ICE1 3A had higher CBF gene expression levels than the plants expressing wild-type ICE1 ( Figures 6H and 6I) , and also showed higher freezing tolerance ( Figure 6J ). interaction and phosphorylation of MEKK1 (Furuya et al., 2013; Yang et al., 2010b) . CRLK2 is a paralog of CRLK1 in Arabidopsis. To further understand the role of CRLK1 and CRLK2 in cold response, we generated a crlk1 crlk2 double mutant, in which CRLK1 expression is abolished and CRLK2 expression is highly decreased (Figures 7A and 7B ). Compared with wild-type plants, the crlk1 crlk2 double mutant did not show obvious morphological defects ( Figure 7C ). Analysis of cold-induced expression of CBFs in crlk1, crlk2, and crlk1 crlk2 mutants showed that CRLK1 and CRLK2 both contribute to the coldinduced expression of CBF genes ( Figure 7D ). Electrolyte leakage and freezing survival assays showed that crlk1, crlk2, and crlk1 crlk2 mutants were more sensitive to freezing than wild-type plants ( Figures 7E and 7F ).
Immunoblotting assays showed that the activation of MPK3 and MPK6 was higher in the crlk1 crlk2 double mutant than in wild-type plants, both before and after cold treatment (Figure 7G) , suggesting that CRLK1 and CRLK2 negatively affect the kinase activity of MPK3/6. Since MPK3/6 kinase activity is important for the regulation of ICE1 stability, we examined the protein level of ICE1 in crlk1 crlk2 double-mutant plants. A native promoter-driven ICE1-GFP construct was transformed, and four independent transgenic lines from wild-type and crlk1 crlk2 double mutant were selected to test for the protein level of ICE1. By immunoblotting, ICE1-GFP protein was detected in the wild-type, but not in the crlk1 crlk2 double-mutant background ( Figure 7H ). The ICE1 transcript was detected at similar levels in the wild-type and crlk1 crlk2 double-mutant transgenic lines ( Figure 7I ). These results suggest that CRLK1 and CRLK2 are required for maintaining the protein stability of ICE1 under normal conditions. To substantiate this conclusion, we also crossed the crlk1 crlk2 double mutant with the Col-0/ 35S::GFP-ICE1 line to generate crlk1 crlk2/35S::GFP-ICE1. Similarly, the GFP-ICE1 protein could only be detected in Col-0/35S::GFP-ICE1 plants, but not in crlk1 crlk2/35S::GFP-ICE1 plants ( Figure 7J ).
DISCUSSION
How plants sense cold stress and acclimate to freezing conditions has been studied extensively in the last several decades. An important advance is the discovery of the ICE/CAMTA-CBF-COR gene expression cascade, which is critical for cold acclimation (Chinnusamy et al., 2003; Doherty et al., 2009; Jaglo-Ottosen et al., 1998; Kim et al., 2015; Stockinger et al., 1997; . Recently, COLD1 with a role in the generation or modulation of cold-induced calcium signal was reported as a cold sensor that is essential for chilling tolerance in rice (Ma et al., 2015) . Other components involved in the positive or negative regulation of cold response include HOS1, SIZ1, OST1, MYB15, and CRLK1 Ding et al., 2015; Dong et al., 2006; Miura et al., 2007; Yang et al., 2010a) . ICE1, as a transcriptional activator of CBF genes, is mainly regulated at the posttranslational level. Several studies have shown that the protein level of ICE1 is decreased after cold treatment (Ding et al., 2015; Dong et al., 2006; Miura et al., 2011) , but the signal that initiates the degradation of ICE1 is still unknown. Our work here suggests that the MKK5-MPK3/6 pathway is required for the phosphorylation of ICE1, which subsequently promotes the degradation of ICE1 under cold stress ( Figure 7K ). A study from another lab has also independently reported that MPK3-and MPK6-mediated phosphorylation of ICE1 negatively regulates ICE1 stability and freezing tolerance in Arabidopsis. (Li et al., 2017 
[this issue of Developmental Cell]).
Using a phosphoproteomics approach, we identified MAPKs that are potentially involved in cold response. Consistent with previous observations (Teige et al., 2004) , MPK4 and MPK6 are activated after cold treatment. Our data showed that MPK3 is also activated in response to cold treatment. Contrary to the previous study (Teige et al., 2004) , our results showed the cold-induced activation of MPK6 was not affected in the mkk2 mutant, suggesting that MKK2 is not the upstream MAP kinase kinase of MPK6 in the cold signaling pathway. In addition, although YDA is reported as an upstream component of MKK4/5-MPK3/6 in the regulatory pathway for stomatal development (Wang et al., 2007) , our data showed that coldinduced activation of MPK3/6 was not decreased, but rather increased in the yda mutant, suggesting that YDA may have opposite roles in the regulation of MPK3/6 kinase activity in stomatal development and cold signaling. Unlike MPK4, which negatively regulates the activity of MPK3/6 in a constitutive manner, YDA affects the activity of MPK3/6 mainly under cold stress, implicating that a YDA-mediated pathway is important for the negative regulation of MPK3/6 activity under cold conditions. It is unclear how YDA negatively regulates MPK3 and MPK6 activities in cold signaling. It is possible that YDA may somehow affect the cold-induced phosphorylation of the as yet unknown MAPKKK that is required for the activation of the MKK4/5-MPK3/6 cascade.
There is ample evidence showing that the MKK4/5-MPK3/6 module positively regulates defense response (Asai et al., 2002; Beckers et al., 2009; Meng and Zhang, 2013) , whereas the MEKK1-MKK1/2-MPK4 cascade negatively regulates plant immunity (Gao et al., 2008; Petersen et al., 2000) . Our study here showed that these two MAPK cascades also have opposite effects on the cold response. Many external stimuli, such as pathogens, elicitor-active epitope flg22, and cold, can all induce the activation of both MAPK cascades (Han et al., 2010; Mao et al., 2011; Roux et al., 2011; Teige et al., 2004) . The mechanism underlining the antagonistic effects and simultaneous activation of these two MAPK cascades is largely unknown. Our study showed that the protein levels of MPK3 and MPK6 are increased and the kinase activities of MPK3 and MPK6 are constitutively activated in mekk1, mkk1 mkk2, and mpk4 mutants compared with wild-type plants, suggesting that the MEKK1-MKK1/2-MPK4 cascade somehow suppresses the activities and protein levels of MPK3 and MPK6, even at warm temperatures.
MKK1 and MKK2 are redundant in the regulation of plant development and flg22-mediated activation of MPK4 (Gao et al., 2008) . However, our results showed that cold-induced activation of MPK4 was completely blocked in the mkk2 single mutant, but not affected in the mkk1 mutant, suggesting that MKK1 and MKK2 have different functions in cold signaling. Our phosphoproteomics data indicated that Ser65 of MKK2 was phosphorylated after cold treatment. Alignment of MKK1 and MKK2 proteins showed that Ser65 does not exist in MKK1, which may explain why MKK2, but not MKK1, is activated after cold treatment. Although the cold-induced MPK4 activation was blocked in the mkk2 mutant, mpk4 but not the mkk2 mutant is hypersensitive to freezing. The results suggest that inactivation of MPK4 alone is not the main reason leading to increased sensitivity to freezing in mekk1, mkk1 mkk2, and mpk4 mutants. While the freezing-sensitive phenotype of mpk4 mutants may be caused by the constitutive activation of MPK3 and MPK6 before cold treatment, the role of cold-activated MPK4 remains unknown.
The ICE1 protein is constitutively present in the nucleus, but the CBF genes are only upregulated under cold stress. Thus far, how ICE1 is activated to induce the expression of CBF genes under cold stress is unknown. It is likely that posttranslational modification of ICE1 is involved in this process. We initially hypothesized that MPK3/6-mediated phosphorylation of ICE1 may be required for the activation of ICE1. However, constitutive activation of the MKK5-MPK3/6 cascade using Dex-treated MKK5 DD plants did not induce the expression of CBF genes without cold treatment, which suggests that MPK3/6-mediated phosphorylation of ICE1 is not required for the induction of the transcriptional activity of ICE1.
Instead, our results showed that MPK3/6-mediated phosphorylation promotes the degradation of ICE1, and that the Ser94, (F) The survival rates of freezing-treated seedlings.
(G) The seedlings were treated at 4 C for 0, 15, 30, 60, and 120 min. The immunoblotting assays were performed using anti-pTEpY, anti-MPK6, and anti-Actin.
(H) Native promoter-driven ICE1-GFP was transformed to wild-type and crlk1 crlk2 double mutant. Four independent transgenic lines from both wild-type and crlk1 crlk2 double mutant were selected for the analysis of the protein level of ICE1. The immunoblotting assays were performed using anti-GFP and anti-Actin. Thr366, and Ser403 sites are critical for the phosphorylationdependent degradation. Transgenic plants expressing ICE1 3A showed significant improvements in freezing tolerance, which can be accounted for by their increased expression of CBF genes and perhaps also by CBF-independent effects. The alteration of the protein level of ICE1 is correlated with the expression pattern of CBF genes. Immunoblotting assays showed that the ICE1 protein level began to decrease at 3 hr after low-temperature treatment, while gene expression analysis showed that the three CBF genes reached peak expression at 2-3 hr after the cold stress, and then the expression decreased (Medina et al., 2011) . Although the CBF regulon and other cold-activated gene regulons are critical for freezing tolerance, over-stimulation of these regulons may be detrimental to plant growth. The coldtriggered, MPK3/6-dependent phosphorylation and degradation of ICE1 is important for preventing the over-stimulation of the CBF regulon and perhaps also other cold-activated gene regulons, which could be of benefit to plants to balance cold response and growth. In summary, previous studies reported that a MEKK1-MKK2-MPK4/MPK6 pathway is activated after cold treatment (Teige et al., 2004) , and CRLK1, which is stimulated by binding to calmodulin and calcium, a second messenger in plants under cold stress, physically associates with and phosphorylates MEKK1 (Furuya et al., 2013; Yang et al., 2010a Yang et al., , 2010b . In this study, we found that MKK2 is the upstream kinase of MPK4 but not MPK3/6 in the cold signaling pathway. The MEKK1-MKK2-MPK4 cascade constitutively suppresses the protein levels and kinase activities of MPK3 and MPK6. Cold-activated MPK3/6 phosphorylates ICE1 and promotes its degradation, which reduces the transcription of CBF genes. CRLK1 and CRLK2 positively regulate cold response, possibly by activating the MEKK1-MKK2-MPK4 pathway and by suppressing the cold activation of the MKK4/5-MPK3/6 pathway ( Figure 7K ).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
All Arabidopsis plants are in the Columbia background. mpk3-1 (SALK_151594), mpk6-3 (SALK_127507), mekk1-1
, and MKK5 DD plants have been described previously (Beckers et al., 2009; Chinnusamy et al., 2003; Gao et al., 2008; Ichimura et al., 2006; Ren et al., 2002; Wang et al., 2007; Xing et al., 2008; Xu et al., 2014; Yang et al., 2010a Table S2 .
METHOD DETAILS
Construction of Plasmids
To generate ICE1 construct for recombinant protein expression, the CDS sequence of ICE1 was amplified and cloned into vector pGEX-4T-1 by using BamHI and NotI restriction sites. For site-directed mutagenesis of ICE1, the primers with corresponding mutated sites were designed and explored for PCR using pGEX-4T-1-ICE1 plasmid as template. The PCR products were treated with DpnI to digest the parental double-stranded DNA. The digested PCR products were transformed to DH5a competent cells. The site mutation of ICE1 was confirmed by sequencing. For ICE1 construct used for transformation to plants, the ICE1 CDS fragment fused with ICE1 native promoter were cloned into the pENTR vector. The site mutation of ICE1 was also generated by DpnI-mediated site-directed mutagenesis. The wild-type ICE1 and site-mutated ICE1 were finally cloned into R4pGWB540 vector. The generated constructs were transformed to plants by Agrobacterium tumefaciens-mediated transformation.
Recombinant Protein Expression and In Vitro Kinase Assay
To express proteins in Escherichia coli, the constructs of pGEX-4T-1-ICE1, pET-28a-MPK3, pET-28a-MPK6, and pET-28a-MKK5 DD were transformed to strain BL21. A single clone of each transformant was selected and incubated in 3 ml LB liquid medium with corresponding antibiotics overnight. Transfer 3 ml solution to 300 ml LB medium and incubate for $3 h until the OD 600 reaching to 0.4-0.6. The isopropyl b-D-1-thiogalactopyranoside (0.5 mM of final concentration) was added to the culture to induce protein expression. ICE1 was purified by using glutathione agarose resin. MPK3, MPK6, and MKK5 DD were purified by using Ni-NTA agarose.
For in vitro kinase assay, two steps of reactions were processed. In the first step, MKK5 DD were incubated with MPK3 or MPK6 in 30 mL of reaction buffer: 25 mM Tris-HCl (pH 7.5), 12 mM MgCl 2 , 1 mM DTT, and 50 mM ATP. The mixture was kept at room temperature for 30 min. In the second step, 5 mL solution from reaction I was incubated with ICE1 protein in 25 mL of reaction buffer: 25 mM Tris-HCl (pH 7.5), 12 mM MgCl 2 , 1 mM DTT, 50 mM ATP, and 0.1 mCi [g-32 P]ATP, and allow the reaction for 30 min at room temperature. Reaction was stopped by adding SDS loading buffer. Proteins were separated by SDS-PAGE using a 10% (w/v) acrylamide gel. The phosphorylated proteins were visualized by autoradiography.
Antibody Production
To detect MKK2 protein in Arabidopsis, we produced a MKK2-specific antibody against a synthetic peptide (MEHPFLNKYDYSGINLASY) corresponding to the C terminus of MKK2. The specificity of the anti-MKK2 was tested by using mkk2 mutant.
Protein Extraction and Immunoblotting
For protein extraction, 10-day-old seedlings were collected and ground in liquid nitrogen and the proteins were extracted using the following extraction buffer: 100 mM Tris-HCl pH 7.5, 150 mM NaCl, 5% Glycerol, 1 mM DTT, 1 mM PMSF, 10 mM antipain, 10 mM aprotinin, 10 mM leupeptin, and phosphatase inhibitor cocktail set II. The total extraction was mixed well and centrifuged at 14000 rpm and 4 C for 20 min. The suspension was transferred to a new tube. The concentration of proteins was measured by using Quick Start Bradford Dye Reagent (Bio-Rad) and finally the protein concentration of each sample was adjusted to the same level. For immunoblotting, proteins were separated by SDS-PAGE (10% acrylamide gel) and transferred to supported nitrocellulose transfer membrane (Bio-Rad) by electro-transfer at 20 V for 30 min. The membrane was blocked in TBST buffer containing 5% skim milk powder and further incubated with primary antibody and secondary antibody. Finally the bands were detected using chemiluminescent HRP substrate (Millipore). For Phos-tag SDS-PAGE assay, 25 mM Phos-tag and 50 mM Mn 2+ were added in SDS-PAGE gel.
Antibodies used for immunoblotting were as follows: anti-GFP (1:2,000, Sigma), anti-MPK3 (1:10,000, Sigma), anti-MPK6 (1:10,000, Sigma), anti-MPK4 (1:10,000, Sigma), anti-Phospho-p44/p42 MAPK (anti-pTEpY) (1:2,000, Cell Signaling Technology), and antiActin (1:10,000, Agrisera).
Immunoprecipitation (IP)-kinase Assay
The IP-kinase assay was performed according to the protocol previously (Kong et al., 2012) with some modification. To purify MPK4 proteins, the 10-day-old seedlings of wild-type plants were treated with or without low temperature. The seedlings were collected and ground in liquid nitrogen. The total proteins were extracted by using extraction buffer (100 mM Tris-HCl pH 7.5, 150 mM NaCl, 5% Glycerol, 1 mM DTT, 1 mM PMSF, 10 mM antipain, 10 mM aprotinin, 10 mM leupeptin, and phosphatase inhibitor cocktail set II). For immunoprecipitation, 1 ml protein extraction was incubated with 3 mL anti-MPK4 antibody for 4 h and then the suspension was incubated with 30 mL protein G agarose beads for 2 h to capture the immunocomplex. The mixture was washed 3 times with extraction buffer and one time with kinase reaction buffer. For the kinase assay, 25 mL reaction mix, including 10 mL MPK4, $ 1 mg ICE1 protein or 0.5 mg MBP, 1 mL ATP (40 mM), 10 mCi [g-32P] ATP, and 2.5 mL 103 kinase reaction buffer, was incubated at room temperature for 30 min. The reaction was ended by adding SDS loading buffer and the proteins were separated by SDS-PAGE. The phosphorylated proteins were visualized by autoradiography.
Quantitative Real-Time RT-PCR Analysis
To examine low temperature-induced gene expression, 10-day-old seedlings grown on MS medium were treated with 4 C. Total RNA was extracted from whole seedlings using plant RNA kit (Omega Bio-tek) according to the manufacturer's instructions. Complementary DNA was synthesized from 2 mg total RNA using M-MLV reverse transcriptase (Promega). Quantitative real-time PCR was performed by using PerfeCTa SYBR Green Fastmix (Quanta Biosciences). Primers used for qRT-PCR are shown in Table S2 .
Freezing Assay
The electrolyte leakage assay was performed according to the protocol described previously . In brief, 3-week-old plants grown in soil were treated with low temperature (4 C, cold acclimation) for 7 days before freezing treatment. For MKK5 DD plants, dexamethasone (30 mM) was sprayed to the surface of leaves every two days during cold acclimation. After cold acclimation, a fully developed rosette leave was excised and transferred to a small tube containing 100 mL deionized water. The three replicates were performed for each plant at each temperature point. An ice chip with similar size was added to the bottom of each tube and the tube was immediately incubated in a freezing bath (model 1187, VWRScientific) with temperature at 0 C. After placing all the tubes in the freezing bath, run the program with 1 C decrement every 30 min until reaching to -10 C. The tubes were removed from the freezing bath when the experimental temperatures were reached and placed on ice to allow gradual thawing. The leaves and solutions were then transferred to large tubes with 25 ml deionized water. The tubes were gently shaken overnight, and the conductivity of solutions was measured. The tubes were then autoclaved at 121 C for 20 min. The autoclaved solutions were shaken for additional 3 hours before the conductivity was measured again. Finally, the ratio of conductivity before and after autoclaving was calculated.
For freezing survival assay, 10-day-old seedlings (approximately 48 seedlings for each sample in each experiment) grown on the MS medium were cold-acclimated for 7 days at 4 C before being subjected to freezing condition. The acclimated plants were placed in a freezing incubator with the following program: the initial temperature was set at 4 C and the temperature was dropped 1 C every 1 h until reaching to -7 C and 1 h later returned to 4 C by the rate of 2 C every 1 h. After treatment, the seedlings were kept at 4 C for 12 h in the dark and then the seedlings were transferred to 23 C for recovery. The survival rates were counted after 5 days.
Phosphoproteomics Assay
Ground Arabidopsis tissues were lysed in 6 M guanidine hydrochloride (Gnd-HCl) with EDTA-free protease inhibitor cocktail (Roche, Madison, WI) and phosphatase inhibitor cocktail (Sigma, St Louis, MO). Proteins were reduced and alkylated with 10 mM tris-(2-carboxyethyl)phosphine (TECP) and 40 mM chloroacetamide (CAA) at 95 C for 5 min. Alkylated proteins were subject to methanol-chloroform precipitation, and precipitated protein pellets were solubilized in 8 M urea containing 50 mM triethylammonium bicarbonate (TEAB), and protein amount was quantified by BCA assay (Thermo Scientific, Rockford, IL). Protein extracts were diluted to 4 M urea and digested with Lys-C (Wako, Japan) in a 1:100 (w/w) enzyme-to-protein ratio for 3 h at 37 C, and further diluted to a 1 M urea concentration. Trypsin (Promega, Madison, WI) was added to a final 1:100 (w/w) enzyme-to-protein ratio overnight. Digests were acidified with 10% trifluoroacetic acid (TFA) to a pH $3, and desalted using a 100 mg of Sep-pak C18 column (Waters, Milford, MA).
Phosphopeptide enrichment was performed using polyMAC-Ti kit (Iliuk et al., 2010) (Tymora Analytical, West Lafayette, IN). Tryptic peptides (200 mg) were re-suspended in 100 mL of loading buffer (80% acetonitrile (ACN) with 1% TFA) and incubated with 25 mL of the PolyMAC-Ti reagent for 20 min. Use a magnetic rack to collect the magnetic beads to the sides of the tubes and discard the flowthrough. The magnetic beads were washed with 200 mL of washing buffer 1 (80% ACN, 0.2% TFA with 25 mM glycolic acid) for 5 min and washing buffer 2 (80% ACN in water) for 30 seconds, respectively. Phosphopeptides were eluted with 200 mL of 400 mM NH 4 OH with 50% ACN and dried in Speed Vac.
The phosphopeptides were dissolved in 5 mL of 0.3% formic acid (FA) with 3% ACN and injected into an Easy-nLC 1000 (Thermo Fisher Scientific). Peptides were separated on a 45 cm in-house packed column (360 mm OD 3 75 mm ID) containing C18 resin (2.2 mm, 100Å , Michrom Bioresources) with a 30 cm column heater (Analytical Sales and Services) set at 50 C. The mobile phase buffer consisted of 0.1% FA in ultra-pure water (buffer A) with an eluting buffer of 0.1% FA in 80% ACN (buffer B) run over a linear 60 min gradient of 5%-30% buffer B at a flow rate of 250 nL/min. The Easy-nLC 1000 was coupled online with a Velos Pro LTQ-Orbitrap mass spectrometer (Thermo Fisher Scientific). The mass spectrometer was operated in the data-dependent mode in which a full MS scan (from m/z 350-1500 with the resolution of 30,000 at m/z 400) was followed by the five most intense ions being subjected to collision-induced dissociation (CID) fragmentation. CID fragmentation was performed and acquired in the linear ion trap (normalized collision energy (NCE) 30%, AGC 3e4, max injection time 100 ms, isolation window 3 m/z, and dynamic exclusion 60 s).
QUANTIFICATION AND STATISTICAL ANALYSIS Phosphoproteomics Data Processing
To analyze phosphoproteomics data, the raw files were searched directly against the Arabidopsis thaliana database (TAIR10) with not redundant entries using MaxQuant software (version1.5.5.1) (Cox and Mann, 2008) with the Andromeda search engine. Initial precursor mass tolerance was set at 20 ppm, the criteria included a static carbamidomethylation of cysteines (+57.0214 Da) and variable modifications of (1) oxidation (+15.9949 Da) on methionine residues, (2) acetylation (+42.011 Da) at the N-terminus of proteins, and (3) phosphorylation (+79.996 Da) on serine, threonine or tyrosine residues. The match between runs function was enabled with 1.0 min match time window. The searches were performed with trypsin digestion and allowed a maximum of two missed cleavages on the peptides analyzed from the sequence database. The false discovery rates for proteins, peptides and phosphosites were set at 0.01. The minimum peptide length was six amino acids, and a minimum Andromeda score cut-off was set at 40 for modified peptides. A site localization probability of 0.75 was used as the cut-off for localization of phosphorylation sites.
qRT-PCR Analysis
The relative expression level of CBF genes was determined by normalizing to the levels of ACTIN gene. Student's t-test or One-way ANOVA were used to determine the significance of difference between samples. Statistical tests were conducted by using SPSS software (https://www.ibm.com/us-en/marketplace/spss-statistics). The number of biological replicates was indicated in the Figure legends.
Freezing Assay
The number of leaves or seedlings used for electrolyte leakage assay and freezing survival assay was described in the Method. The significance of difference between samples was determined by Student's t-test using SPSS software.
DATA AND SOFTWARE AVAILABILITY
The raw data used to compose the figures have been deposited as a Mendeley Data set: https://doi.org/10.17632/s928sc39n3.1.
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